ABSTRACT
INTRODUCTION
Legionellae are intracellular parasites of freshwater protozoa and use a similar mechanism to multiply within mammalian cells. These bacteria cause respiratory disease in humans when a susceptible host inhales aerosolized water containing the bacteria or aspirates water containing the bacteria (Fields et al. 2002) . Most cases of legionellosis can be traced to humanmade aquatic environments where the water temperature is higher than ambient temperature (Stout & Yu 1997) . In these thermally altered aquatic environments the balance between protozoa and bacteria can shift, resulting in rapid multiplication of Legionellae, which in turn can translate into human disease. In The Netherlands in 1999 a large outbreak of Legionnaires' disease at a flower show occurred, with 188 patients of which 23 patients died (Den Boer et al. 1999) . This demonstrated the potential public health risk of the presence of Legionella pneumophila in water, especially when usage leads to aerosols. In order to prevent such outbreaks, the Dutch government tightened up regulations about admissible concentrations of Legionella spp. in Dutch water installations in public buildings. A variety of methods, including guinea pig inoculation, fluorescent-antibody (FA) techniques, culture techniques, FISH, and PCR-based assays, have been applied to detect L. pneumophila in environmental samples (Wullings & van der Kooij 2006) . Culture methods enable the quantitative detection of culture-able bacteria and isolation of strains is commonly used but has a number of limitations. Culture requires a long incubation period, and the recovery is often reduced by antibiotics and sample treatment. Studies have demonstrated that culture-based estimates of the concentration of L. pneumophila in concentrated water samples are imprecise and of low sensitivity (Boulanger & Edelstein 1995) .
Recovery of Legionella spp. from water samples is often hampered by overgrowth of colonies of rapidly growing nonLegionella background. Several non-pneumophila Legionella spp. grow poorly on BCYE agar (Lee et al. 1993) . 
MATERIAL AND METHODS

Bacterial strains
In order to test in vitro sensitivity and specificity a list of bacterial strains was used as shown in Table 1 .
Water samples
A total of 357 water samples were collected from 250 public buildings (mainly company buildings and schools) at different locations throughout The Netherlands between August and December 2001. 352 samples were obtained from potable water (346 cold water and 6 hot water) taps.
One sample was obtained from a cooling tower, and 4 water samples were collected from large aerosol generating devices (e.g. air-conditioning). Water samples were collected in sterile 1,000 ml polyethylene bottles and samples were delivered to the laboratory within one day. For potable water samples, the first 1,000 ml of water from tapwater faucets was drained into a bottle. This first draw sample was not used for analysis. The water was then allowed to run for approximately 60 seconds, and the second draw of 1,000 ml of water was used for microbiological analysis. For nonpotable samples from such sources as cooling towers, 250-500 ml water from the bottom or side of the vessel or reservoir was collected. No disinfectant treatment was used.
After use, the bottles were rinsed with sterile water and autoclaved at 1218C for 20 minutes. The temperature during transport was between 10 -208C. 500 ml samples were filtered through 0.2 mm polycarbonate membranes (Merck, Darmstadt, Germany), and the filtrate was resuspended in 1 ml of sterile distilled water.
Culture
Both 0.1 ml of the filtrate was plated on a buffered charcoal yeast extract agar (BCYE) and on a BCYE agar with glycine, vancomycine, polymixine and cycloheximide (GVPC, Oxoid, Haarlem, The Netherlands) and incubated for 7 days at 358C in a humidified atmosphere. Colonies that grew on BCYE agar but failed to grow on blood agar were expected to be Legionella spp. Further identification was carried out by determination of the L. pneumophila serogroups using a slide agglutination test (Microscreen w , Microgen bioproducts, Camberly Surrey, United Kingdom).
A distinction was made between L. pneumophila serogroup 1 and Legionella pneumophila serogroup 2-14.
Sample preparation for PCR
To minimize inhibition of PCR amplification, 200 ml of the filtrate was processed with MagNA Pure w , using the Total Nucleic Acid Kit (Roche Diagnostics) with an elution volume of 50 ml. 5 ml of the eluate was used as template in the PCR.
PCR assays
For the detection of Legionella in water samples two separate assays were used. The primers of the first assay were based on the 16S rRNA gene as was described previously (van der Zee et al. 2002) . In short, primers Leg1 
L. wadsworthii ATCC33877
Non-Legionella bacteria
Streptococcus pneumoniae ATCC49619
Bordetella pertussis Tohama strain
Bordetella parapertussis B24
Mycoplasma pneumoniae ATCC15293
Chlamydia pneumoniae ATCCVR1355
Acinetobacter baumannii
Pseudomonas aeruginosa ATCC27853
Lactobacillus caseï. 
PCR conditions
The PCR mixture for the 16S rRNA PCR assay contained 
RESULTS
Specificities of PCR assays
The specificities of both the 16S rRNA gene based PCR and the mip gene based PCR were investigated using a panel of In the mip gene based PCR assay, the lower detection limit was 100 fg, the theoretical equivalent of approximately 2,000 legionellae/l.
Evaluation of results on water samples using culture and real-time PCR
In the analysis of the water samples, the detection rates of 
(100%) Total
Sequence analysis results
The 84 samples originating from 51 locations that were positive for Legionella non-pneumophila spp. in the 16S rRNA PCR were analysed by sequencing (Table 3) 
DISCUSSION
Theoretically, PCR would present the method of choice for the detection of Legionella species in water, as has been suggested before (Wellinghausen et al. 2001) . PCR is equally sensitive for all Legionella, and facilitates handling of a large 
Total 84 number of samples. The major difference between culture and PCR found in our study may be due to a number of reasons. First, recovery rates obtained by culture are usually noticeably less than 100%, especially in potable waters (Villari et al. 1998) . Culture requires a panel of differential and selective media, and has a relatively low sensitivity, ranging from between 10 to 80% in clinical materials (Murdoch 2003) . Growth for Legionella pneumophila is better on standard media used for primary isolation than for Legionella non-pneumophila spp. (Lee et al. 1993) . It has also been recognized that filtration or centrifugation of large water sample volumes results in a loss of up to 90% of culturable Legionella (Wellinghausen et al. 2001; Levi et al. 2003) . is difficult because they cannot be detected by conventional culture techniques used for Legionella (Marrie et al., 2001) .
Moreover, several authors have reported that Legionella bacteria are able to enter a viable but non-culturable (VNBC) state, which may account for the fact that Legionella cannot be cultured from cooling towers suspected to be the source of Legionellosis (Steinert et al. 1997) . Therefore, prospective studies using culture and validated PCR methodologies are necessary to determine the exact role of non-pneumophila Legionella species as a human pathogen.
